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Brain disturbances, like injuries or aberrant protein deposits, evoke nucleotide release or leakage from cells, leading to micro-
glial chemotaxis and ingestion. Recent studies have identified P2Y12 purinergic receptors as triggers for microglial chemotaxis
and P2Y6 receptors as mediators for phagocytosis. However, pinocytosis, known as the internalization of fluid-phase materials,
has received much less attention. We found that ATP efficiently triggered pinocytosis in microglia. Pharmacological analysis and
knockdown experiments demonstrated the involvement of P2Y4 receptors and the phosphatidylinositol 3-kinase/Akt cascade in
the nucleotide-induced pinocytosis. Further evidence indicated that soluble amyloid beta peptide 1-42 induced self-uptake in
microglia through pinocytosis, a process involving activation of P2Y4 receptors by autocrine ATP signaling. Our results demon-
strate a previously unknown function of ATP as a “drink me” signal for microglia and P2Y4 receptors as a potential therapeutic
target for the treatment of Alzheimer’s disease.

Microglia are the resident phagocytes in the central nervous
system (CNS) and are responsible for the maintenance of

CNS homeostasis (1, 2). They take up invasive microorganisms,
apoptotic/necrotic cellular debris, and the aberrant protein depo-
sitions in progressive neurodegenerative disorders, including the
amyloid beta (A�) peptides in Alzheimer’s disease (AD) (3). Un-
derstanding the mechanisms of endocytosis in these cells is thus
relevant to understanding their functions.

Phagocytosis and pinocytosis are two clathrin-independent
endocytic processes that occur in phagocytes, and both create
large endocytic vacuolar compartments (�0.2 �m) through or-
ganized membrane movements and actin polymerization (4).
Nevertheless, distinct models and molecular mechanisms have
been suggested for the formation of phagosomes and pinosomes
(4). The well-studied Fc receptor-mediated phagocytosis is guided
by a zipper-like progression of receptor-initiated membrane in-
vagination that is shaped by the geometry of the internalized par-
ticle, whereas pinosomes, which may vary from 0.2 to 10 �m in
diameter, are suggested to form spontaneously or in response to
growth factor receptor stimulation from membrane ruffles that
close at their distal margins to engulf extracellular fluid without
strict guidance from receptors (4, 5). Phagocytosis in phagocytes is
known to be triggered by “eat me” signals expressed on the cell
surface of dying cells (6). In addition, UDP leakage from damaged
neurons has been suggested to function as a diffusible “eat me”
signal to induce phagocytic activity in microglia through activa-
tion of P2Y6 receptors (7). Pinocytosis by phagocytes is involved
in many physiological and pathological processes, including de-
velopment, innate immunity, and the entry of pathogens into host
cells (4, 5). However, the mechanisms underlying the regulation of
pinocytosis in microglia are not clear. In the present study, we
found that ATP triggered microglial pinocytosis through activa-
tion of P2Y4 purinergic receptors. The phosphatidylinositol 3-ki-
nase (PI3K)/Akt cascade was shown to be the downstream path-
way of the ATP-induced pinocytosis. Interestingly, soluble A�
itself induced pinocytosis, which is an ATP/P2Y4-dependent pro-

cess, indicating that microglial pinocytosis of A� is a nucleotide-
regulated active process, rather than a constitutive, passive activ-
ity. Moreover, either P2Y4 knockdown by RNA interference or
ATP deprivation by the ATP-degradation enzyme apyrase de-
creased the spontaneous pinocytosis of A� by microglia. Thus, in
addition to the previously identified P2Y12 receptor-mediated
“find me” signal (8–10) and the P2Y6 receptor-mediated “eat me”
signal (7), our study demonstrates that nucleotides also function
as an autocrine “drink me” signal for microglia and mediate the
uptake of soluble A� through activation of P2Y4 receptors.

MATERIALS AND METHODS
Animals. The use and care of animals followed the guidelines of the
Shanghai Institutes for Biological Sciences Animal Research Advisory
Committee (Shanghai, China) and the Animal Advisory Committee at
Zhejiang University, which approved the protocols. APPswe/PS1dE9
transgenic mice on a C3H background were obtained from the Jackson
Laboratory (Bar Harbor, ME).

Cell culture. Primary cultured microglia were harvested according to
a method described previously (11). In brief, a mixed glial culture was
prepared from the cortices of neonatal Sprague-Dawley rats (either sex)
and maintained for 7 to 10 days in minimum essential medium (MEM;
Gibco, Grand Island, NY) containing 10% fetal bovine serum (FBS;
Gibco). The cells floating over the mixed glial culture were collected by
gentle shaking and transferred to appropriate glass coverslips. Microglia
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were obtained as rapidly attached cells and maintained in low-FBS me-
dium (2% FBS in MEM) for 12 to 24 h before use.

Mixed glial cultures can also give rise to purified secondary astrocytes.
As previously described (12), mixed glial cultures were shaken at 200 rpm
overnight at 37°C to dislodge other glial cells attached to the astrocyte
layer. After medium replacement, astrocytes were obtained by trypsiniza-
tion (0.125% trypsin, 5 min, 37°C) and replated at a low density. When the
cell density reached 70%, they were used for drug treatment or transfec-
tion experiments.

Primary pure neuronal cultures were prepared as described previously
(13) with some modifications. In brief, embryonic day 18 (E18) rat (either
sex) hippocampi were dissected, dissociated with 0.125% trypsin, and
plated on coverslips coated with Matrigel (Sigma-Aldrich, St. Louis, MO)
at a cell density of 60,000/ml in neurobasal medium (Gibco) supple-
mented with 2% B27 (Sigma-Aldrich) and 0.25% glutamine (Sigma-Al-
drich). Thereafter, half of the medium was replaced twice a week with
neurobasal medium containing 2% B27 supplement and 0.25% glu-
tamine. Neurons were used 6 to 8 days after plating.

Pinocytosis and phagocytosis assay. Fluorophore-linked dextrans
used to label pinosomes were all obtained from Invitrogen (Carlsbad,
CA). Nonfixable FD70S (fluorescein-labeled dextrans with an average
molecular weight of 70,000) and TD3S (Texas Red-labeled dextrans with
an average molecular weight of 3,000) were used to measure fluid-phase
pinocytosis in live cells, while for combined immunostaining, lysine-fix-
able TD70S (lysine-fixable Texas Red-labeled dextrans with an average
molecular weight of 70,000) was used to label pinosomes. Fluorescent-
labeled latex beads (red; 0.5 �m in diameter) were obtained from Sigma-
Aldrich. Generally, cells were incubated in MEM with fluorescent probes
and agonists for 5 min, thoroughly washed with Hanks balanced salt so-
lution, and then either placed under a confocal microscope for observa-
tion or fixed for immunostaining. The agonists adenosine 5=-O-(3-thio)
triphosphate (ATP�S), UTP, and ATP were all obtained from Sigma-
Aldrich. A�1-42, used as an agonist in some experiments, was from
AnaSpec, Inc. (San Jose, CA).

Preparation of soluble A�1-42 and detection of A� internalization.
6-Carboxyfluorescein (FAM)-labeled A�1-42 and Texas Red-labeled
A�1-42 were used to detect internalized A� peptides. All of the A� pep-
tides were obtained from Anaspec (San Jose, CA). For soluble A� prepa-
ration, lyophilized A� peptide was dissolved completely in 0.1% NH4OH
to 2 mM and stored at �80°C until use. Before use, A� stock solution was
swiftly dissolved into a working solution (usually dissolved in minimum
essential medium). This working solution was verified as fibril-free via
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Only those solutions without any A� aggregates bigger than 10 kDa were
used for further experiments.

Migration assay. The migration assay was performed according to a
method described previously (11). Purified microglia growing on cover-
slips were transferred to chambers filled with 1 ml of L-15 medium
(Gibco). The chambers were then sealed with silicone oil and placed on a
temperature-controlled stage heater set at 37°C above a microscope
(Olympus IX50; Japan) connected to a camera (JVC TK-C1381; Japan).
Gradients of chemicals were produced by methods described previously
(14). Repetitive pressure injection of picoliter volumes of solutions con-
taining ATP�S was applied through a micropipette with a tip opening of
�2 �m. The pressure was applied with an electrically gated pressure ap-
plication system (Picosprizer II; Parker Co.). A standard pressure pulse of
3 lb/in2 in amplitude and 20 ms in duration was applied to the pipette at a
frequency of 2 Hz by using a pulse generator (Nihon Kohden, Japan).
Local perfusion of drugs was performed using glass micropipettes posi-
tioned 50 to 70 �m from the target cell. Previous studies had shown that
the concentration of a drug 100 �m from the pipette tip is �103-fold
lower than that in the pipette under standard conditions (14). For cell
mask experiments, microglia were pretreated with cell mask fluorescent
dyes (1 �g/ml; Invitrogen) for 3 min on ice, and then the chambers were
placed on a temperature-controlled stage heater set at 37°C above the

confocal microscope with a 60�/1.2 numerical aperture (NA), water im-
mersion, differential interference contrast (DIC) objective lens. Fluoview
software was used to collect images.

Drug treatments. The effects of the inhibitors amiloride, RB2,
suramin, MRS2395, and MRS2578 (all from Sigma-Aldrich) and also
wortmannin and LY294002 (both from Fermentek, Jerusalem, Israel)
were assessed after a 30-min preincubation at the indicated concentra-
tions, followed by incubation with endocytic probes and agonists, with the
relevant inhibitors still present. The effect of apyrase (Sigma-Aldrich) was
assessed after a 6-h preincubation. Control cells were treated with 1% L-15
medium or 0.1% dimethyl sulfoxide (the final concentrations in the an-
tagonist vehicle).

Cell transfection and knockdown efficiency examination. For the
knockdown experiments, double strands of small interfering RNA
(siRNA) oligonucleotides end-capped with FAM fluorescent linkages
were designed according to the primary sequence of each P2Y receptor.
All of the siRNA oligonucleotides were obtained from Invitrogen and
transfected with Oligofectamine (Invitrogen) according to the manufac-
turer’s instructions.

P2Y4 siRNA pools (a mixture of three oligonucleotide duplexes) were
as follows: duplex 1, 5=-AACTGCATAGCTCATAGGC (antisense); du-
plex 2, 5=-AATTGTGCGGGTGATGTGG (antisense); duplex 3, 5=-TTG
AACTCCTCATTAAACC (antisense). In addition, we used the P2Y6

siRNA sequence, 5=-TGCCATTGTCCCGCTCCAT (antisense), and P2Y2

siRNA sequence, 5=-ACGCCATCAACATGGCGTATT (antisense).
Stealth Block-iT siRNA (Invitrogen) was used as the control.

The transfection efficiency in primary microglia cultures was very low
(less than 20% of cells could be transfected). Since the mechanism of RNA
interference is highly conserved (15, 16), we examined the knockdown
efficiency of siRNAs in rat primary astrocyte cultures, which also express
various subtypes of P2Y receptors and have transfection efficiencies
higher than 80%.

The knockdown efficiency of RNA was examined by reverse transcrip-
tion-PCR (RT-PCR), except for the P2Y4 receptor siRNA, which was ex-
amined for both the protein level, by Western blotting, and RNA level, by
RT-PCR. Total RNA extracts from astrocytes were harvested 72 h after
siRNA transfection. Briefly, total RNA was isolated by using TRIzol (In-
vitrogen) and purified with phenol-chloroform (Sangon Biotech, China)
according to the manufacturer’s instructions. RT was performed with 1
�g of total RNA by using the PrimeScript RT reagent kit with a genomic
DNA (gDNA) Eraser (TaKaRa, Japan). One microliter of the RT product
was added to the reaction mixture containing 2� PCR master mix
(Shanghai Lifefeng Biotech, China), and P2Y receptor-specific primers,
including the following: for P2Y2 (543 bp), forward (F), 5=-GGTTTATT
ACTACGCCCAGG-3=, and reverse (R), 5=-AAGGAGTAATAGAGGGT
GCG-3=; for P2Y4 (454 bp), F, 5=-TGGGTGTTTGGTTGGTAGTA-3=,
and R, 5=-GTCCCCCGTGAAGAGATAG-3=; for P2Y6 (516 bp), F, 5=-GT
GGTATGTGGAGTCGTTTG-3=, and R, 5=-CTGTAGGAGATCGTGTG
GTT-3=. After PCR amplification, the products were detected by agarose
gel electrophoresis on a 10% agarose gel, which was stained with Gold-
View (SBS Genetech, Shanghai, China) and photographed.

Immunostaining. Microglia plated on coverslips were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) at 4°C for 10 min,
permeabilized with pure methanol at �20°C for 20 min, and treated with
5% FBS for 1 h at 25°C. Cultures were then stained with one or two of the
following antibodies overnight at 4°C: rabbit anti-P2Y2 (1:200; Abcam),
rabbit anti-P2Y4 (1:200; Abcam), mouse anti-Akt (1:70; Cell Signaling),
and rabbit anti-phosphorylated Akt (1:70; Cell Signaling). After washing
with PBS to remove excess primary antibodies, the cultures were incu-
bated for 1 h at room temperature with the fluorescence-conjugated sec-
ondary antibodies anti-mouse IgG–Cy3 and anti-rabbit IgG–Alexa Fluor
488 (Jackson ImmunoResearch, West Grove, PA). Excess antibody was
removed by washing cultures 4 times, and cells were imaged with the
confocal microscope.

Coronal sections (30 �m) of the cortex from male mice were incu-
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bated for 2 h at room temperature in a blocking solution (10% bovine
serum) and then incubated for 48 h at 4°C with the primary antibodies.
Anti-Iba1 (1:300; Abcam) was used as a microglial marker. Antibody to
the P2Y4 receptor (1:200) was from Acris (Herford, Germany). Following
incubation, sections were washed and incubated for 2 h at 37°C with the
secondary antibody (anti-rabbit IgG-conjugated Alexa Fluor 488 or anti-
goat IgG-conjugated Alexa Fluor 546; 1:1,000; Molecular Probes, Carls-
bad, CA).

Image analysis. Live imaging was carried out on the Olympus confo-
cal microscope with a 60�/NA 1.2 water objective and 488/543-nm laser
lines. Cells were incubated in chambers placed on a temperature-con-
trolled stage heater set at 37°C. The Fluoview software was used to collect
images. For immunostained samples, an A1 confocal microscope (Nikon,
Japan) equipped with a 60�/NA 1.4 oil objective and 488/543-nm laser
lines was used, and NIS Elements software was used to collect images.
Images were taken at room temperature. Stacks of sections were obtained
over a cell thickness of 5 �m at a spacing of every 125 nm. Raw images
were processed and reconstructed in three dimensions by using the LSM5
image browser software (Carl Zeiss). Image analysis was performed with
Image Pro Plus 5.1 (Media Cybernetics, Bethesda, MD), ImageJ (National
Institutes of Health), NIS Elements imaging software (Nikon, Japan), or
AutoQuant X2 (Media Cybernetics).

Western blotting. For knockdown experiments, protein extracts from
astrocytes were harvested 72 h after siRNA transfection and separated on
12% polyacrylamide gels, followed by transfer to polyvinylidene difluo-
ride membranes by wet blotting. We performed protein detection accord-
ing to the standard method of enhanced chemiluminescence Western
blotting (Amersham Pharmacia Biotech). The rabbit anti-P2Y4 anti-
bodies (Abcam) were added at a dilution of 1:2,000, while the mouse
anti-glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH) anti-
bodies (Kangchen Biotech, Shanghai, China) were added at 1:10,000.

For the verification of P2Y4 expression, protein extracts from primary
cultured microglia were harvested and detected with anti-P2Y4 antibodies
(Abcam) at a dilution of 1:2,000.

For Akt phosphorylation experiments, protein extracts from primary
cultured microglia were detected with rabbit anti-phosphorylated Akt
antibodies (Cell Signaling) at a dilution of 1:5,000 and mouse anti-Akt
antibodies (Cell Signaling) at 1:5,000. The mouse anti-GAPDH antibod-
ies (Kangchen Biotech) were added at 1:10,000.

Extracellular ATP measurements. The concentration of extracellular
ATP was quantified via a bioluminescence method that employed the
luciferase-luciferin test. In brief, the culture medium of microglia was
replaced with a recording medium containing a mixture of ectonucleoti-
dase inhibitors. The inhibitors, including dipyridamole (100 �M),
AMP-CP (50 �M), and ARL67165 (50 �M), were added into the extra-
cellular solution throughout the experiment to decrease ATP degradation.
A�1-42, A�1-40, or A�42-1 was added to the medium, and the extracel-
lular solution was collected at 30 min after stimulation. A 50-�l sample
was added to 50 �l of ATP assay mix containing luciferase-luciferin
buffer. Luminescence was measured with a V3.1 Sirius luminometer
(Berthold Detection Systems). A calibration curve (R2, �0.996) was ob-
tained from standard ATP samples, and the luminescence of the recording
medium was measured as the background. The protein abundance in the
cell lysate was used for normalization and was determined by using the
Enhanced BCA protein assay kit (Beyotime, China).

Statistical methods. Statistical analysis was performed with SAS soft-
ware (SAS Institute Inc., Cary, NC). Data are presented as means � stan-
dard errors of the means (SEM). Statistical comparisons were assessed by
one-way analysis of variance (ANOVA) with Tukey’s test. Differences
were considered to be significant at a P level of 	0.05.

RESULTS
Nucleotides evoke pinocytosis in microglia. Microglial cells ex-
press a variety of purinergic receptors, some of which have been
found related based on their physiological or pathological func-

tions. To observe the effects of nucleotides on microglial motility,
we developed an in vitro migration assay (11) and found unex-
pectedly that microglia formed large vacuoles at their leading
edges in response to ATP�S, a nonhydrolyzable ATP homologue
(Fig. 1A; see also Videos S1 and S2 in the supplemental material).
When 100 �M ATP�S was repetitively pressure ejected into the
microglial cultures through a pipette at a defined frequency and
pulse duration to induce migration (11), resting microglia started
to form stretch ruffles (sheet-like extensions of the plasma mem-
brane) in minutes and migrated toward the pipette tip. The ruffles
then closed, first into open cups and finally discrete vacuoles with
diameters ranging from 0.5 to 5 �m (Fig. 1A; see also Fig. 3G,
below, and Videos S1 and S2 in the supplemental material).

Phagosomes and pinosomes are both large membrane-bound
compartments formed by cellular ingestion of extracellular mate-
rials (4, 5), and thus they became the candidates for the ATP�S-
induced large vacuoles. Differentially, phagosomes are formed by
direct zipper-like contacts between solid materials and cell mem-
branes, while pinosomes are formed by enclosures of ruffling
membranes induced by growth factors, involving the uptake of
fluid-phase materials in large quantities (4, 5). To identify the
ATP�S-induced large vacuoles, we used FD70S (fluorescein-dex-
trans with an average molecular weight of 70,000) as pinosomal
markers (4, 17) and fluorescence-linked latex beads as phago-
somal markers (4, 7). When cultured microglia were simultane-
ously treated with 100 �M ATP�S, 2 �g/�l FD70S, and fluores-
cence-labeled latex beads (0.004% solid; 0.5-�m diameter),
ATP�S-induced vacuoles were selectively labeled by FD70S but
rarely colocalized with the latex beads (Fig. 1B), indicating that the
ATP�S-induced vacuoles were pinosomes. Moreover, ATP�S
(100 �M) triggered a 4-fold increase in pinocytosis but only an
�30% increase in phagocytosis (Fig. 1C). Quantitative tests
showed that ATP�S induced pinocytosis in a dose-dependent
fashion in a 5-min incubation period (Fig. 1D and E). Statistically,
both the intracellular fluorescence intensity and the pinosomal
area of individual cells increased with exponentially increasing
concentrations of ATP�S (Fig. 1E). Moreover, the ATP�S-in-
duced internalization of FD70S was diminished by amiloride (Fig.
1F), an Na
/H
 exchanger blocker reported to selectively inhibit
pinocytosis without disturbing other endocytotic pathways (18),
confirming the ATP�S-induced pinocytosis. Interestingly, ATP�S
only significantly induced pinocytosis in cultured microglia, and
not in cultured astrocytes or neurons after an incubation period of
5 min (Fig. 1G). Taken together, these results demonstrate that
ATP�S selectively evokes pinocytosis in cultured microglial cells.

P2Y4 receptors mediate the ATP�S-induced microglial pi-
nocytosis. We further identified the subtype of purinergic recep-
tors responsible for the ATP�S-induced microglial pinocytosis.
Since ATP�S is a potent P2Y receptor agonist (19), P2Y purinergic
receptors are likely involved. RB2 and suramin, known as wide-
spectrum antagonists of P2Y receptors (19), significantly inhib-
ited the ATP�S-induced pinocytosis (Fig. 2A). Furthermore, we
found that ATP (100 �M) or UTP (100 �M) triggered pinocytosis
to an extent similar to that of ATP�S (Fig. 2B).

Among all the subtypes of rodent P2Y receptors, only P2Y2 and
P2Y4 are activated by both UTP and ATP (19, 20). In addition,
these receptors are differentially sensitive to RB2 and suramin.
While P2Y4 receptors are more sensitive to RB2 than to suramin,
P2Y2 receptors have the opposite sensitivity (19). Consistent with
the involvement of P2Y4, we found that RB2 at a relatively low
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concentration (20 �M) had a much stronger inhibitory effect than
suramin (250 �M) on the ATP�S-induced pinocytosis. We then
determined if P2Y4 receptors were expressed in microglia. Previ-
ous studies had identified that microglia express mRNAs encod-

ing P2Y4 receptors (19, 21, 22). We confirmed the expression of
the P2Y4 receptor at the protein level by Western blotting (Fig.
2C). Interestingly, although both P2Y2 and P2Y4 receptors were
diffusely distributed in resting microglia (Fig. 2D), P2Y4 but not

FIG 1 ATP�S-induced microglial pinocytosis. (A) Example images showing large vacuoles formed from dynamic membrane ruffles. The cell membrane was
labeled by pretreatment with Cell Mask fluorescent dyes (1 �g/ml) for 3 min. ATP�S (100 �M) was added to the medium through a pipette positioned at the left
bottom of the image (indicated by the asterisk). Arrows indicate membrane ruffles forming pinosomes. Times are indicated in minutes and seconds. Bar, 10 �m.
(B) Example images showing that ATP�S-induced (100 �M, 5 min) pinosomes labeled by FD70S (green; 2 �g/�l) formed separately from phagosomes labeled
with latex beads (red; 0.004%) in cultured microglia. Fluorescence images (upper panels) are superimposed on the DIC images in the lower panels. Bar, 10 �m.
(C) Quantitative data from the results shown in panel B. The level of pinocytosis was evaluated as the intracellular fluorescence intensity of FD70S. The level of
phagocytosis is represented as the number of beads internalized by individual cells. The value from microglia without ATP�S treatment was taken as basal
(100%). (D) Examples of fluorescence images, showing the dose-dependent effects of ATP�S (5 min) on microglial pinocytosis (the label was FD70S at 2 �g/�l).
The concentrations of ATP�S applied are indicated in each panel. Bar, 20 �m. (E) Summary of the dose dependence of ATP�S-induced pinocytosis in cultured
microglia. The level of pinocytosis was evaluated as the intracellular fluorescence intensity or the total area of pinosomes inside individual cells. The concentra-
tions of ATP�S applied are indicated on the x axis. Values from microglia treated with 2 �g/�l FD70S alone were taken as the basal control. (F) Amiloride (1 mM)
inhibited ATP�S-induced (100 �M) pinocytosis of FD70S (2 �g/�l, 5 min). The fluorescence intensity represents the amount of FD70S internalized. (G)
Summary data showing that no apparent spontaneous or ATP�S-induced (100 �M) FD70S (2 �g/�l, 5 min) uptake was observed in cultured neurons or
astrocytes. Data are normalized to spontaneous FD70S uptake in cultured microglia. For all summary data, results are means and SEM from three independent
experiments, ***, P 	 0.001; *, P 	 0.05 (ANOVA with Tukey’s test).
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P2Y2 receptors tended to be associated with ATP�S-induced pi-
nosomes (Fig. 2E and F).

To further address whether P2Y4 receptors indeed mediated
the ATP�S-induced pinocytosis, we designed a pool of siRNAs
consisting of three oligonucleotide duplexes specific for rat P2Y4

cDNA. The knockdown efficiencies of the siRNA pool and indi-
vidual oligonucleotide of P2Y4 receptors were confirmed in cul-
tured astrocytes at the protein level by Western blotting (Fig. 3A)
and at the RNA level by RT-PCR (Fig. 3B), respectively. We found
that the ATP�S-induced pinocytosis was blocked in microglia
transfected with the P2Y4 siRNAs pool or with individual siRNAs
but was not affected in cells transfected with control siRNA (Fig.
3E and F). P2Y2 receptors have been found diffusely expressed in
microglia and have an agonist spectrum similar to P2Y4 receptors
(Fig. 2B, E, and F). However, we found that siRNA specific for
P2Y2 receptors had no effect on pinocytosis in microglia (Fig. 3C,
E, and F). Furthermore, an siRNA sequence specific for P2Y6 re-
ceptors, which mediate phagocytosis in microglia (7), did not af-
fect the ATP�S-induced pinocytosis (Fig. 3D, E, and F). We found
that MRS2395, a specific P2Y12 receptor antagonist, significantly
inhibited microglial chemotaxis in the ATP�S gradient but had no
impact on ATP�S-induced pinocytosis (Fig. 3G and H; see also
Videos S2 and S3 in the supplemental material). Taken together,
these results indicate a coupling between microglial P2Y4 recep-
tors and pinocytic activity.

Purine-mediated pinocytosis contributes to microglial
clearance of soluble A�. Alzheimer’s disease has been related to
the accumulation of A� in the brain (23). Furthermore, soluble

forms, rather than plaques, of A� have been identified to be key
mediators in AD-related synaptic dysfunctions (24, 25). Microglia
has been reported to internalize soluble A� through pinocytosis
(26), although the underlying mechanism is still elusive. Since
both fibrillar (27, 28) and soluble A�1-42 (27, 29) have been
found to induce ATP release from microglia, we examined
whether purine-mediated pinocytosis played a role in microglial
clearance of soluble A� peptides and whether A� itself could in-
duce pinocytosis in an ATP/P2Y receptor-dependent way. Indeed,
ATP�S promoted microglial internalization of soluble A� (Fig.
4A). Furthermore, soluble A� peptides (Texas Red linked; 15 �M)
and FD70S (Fig. 4B) were internalized into the same vacuoles in
microglia after ATP�S treatment for 5 min, suggesting that solu-
ble A� peptides were internalized via nucleotide-induced pinocy-
tosis. We then clarified whether ATP and P2Y4 receptors contrib-
uted to the spontaneous A� internalization by microglia. Apyrase
(50 U/ml), an ATP-degrading enzyme (11), significantly de-
creased the spontaneous A� internalization (Fig. 4C). Further-
more, both P2Y4 knockdown (Fig. 4D and E) and RB-2 (Fig. 4F)
inhibited the spontaneous internalization of Texas Red-linked
soluble A� (2 �M), while a P2Y6 receptor antagonist had no effect
(Fig. 4G and H). Consistent with previous studies, we found that
A�1-42 (2 �M), but not the control peptide A�42-1, induced ATP
release from microglia (Fig. 4I). Interestingly, another fragment of
the A� peptide, A�1-40, also promoted ATP release, although
with a weaker effect (Fig. 4I). These results suggested that ATP/
P2Y4 signaling mediates microglial internalization of soluble A�.

Interestingly, we found that incubation of soluble A� (100 �M,

FIG 2 Involvement of P2Y4 receptors in ATP-induced pinocytosis in cultured microglia. (A) Summary data of the differential inhibitory effects of P2Y4 receptor
antagonists (30-min pretreatment with different doses) on ATP�S-induced (100 �M, 5 min) pinosomes labeled with 2 �g/�l FD70S in cultured microglia. (B)
Summary data showing that UTP (100 �M) had the same potency as ATP (100 �M) in inducing pinosomes labeled with 2 �g/�l FD70S for 5 min in cultured
microglia. (C) Expression of P2Y4 receptor protein confirmed by Western blotting. (D) Examples of immunostaining images, showing the diffuse distribution
of P2Y2 and P2Y4 receptor expression in control cultured microglia. Bars, 10 �m. (E) Immunostaining of P2Y2 (upper panels) and P2Y4 (lower panels) receptors
(green) in cultured microglia after treatment with ATP�S (100 �M) and fixable TD70S (2 �g/�l; red) for 5 min. The merged images show that the P2Y4

immunostaining signal was colocalized with TD70S-labeled pinosomes. Bars, 10 �m. (F) Fluorescence intensity profile of a set of pixels distributed on the white
lines drawn across pinosomes shown in the right merged images in panel E. The emission wavelengths corresponding to the signals of P2Y2, P2Y4, and TD70S are
plotted. Data are presented in arbitrary units versus the length of the white line. For all summary data, results are means and SEM from three independent
experiments, ***, P 	 0.001 (ANOVA with Tukey’s test).
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FIG 3 P2Y4 receptors mediate ATP�S-induced microglial pinocytosis. (A) Western blots showing apparent downregulation of P2Y4 receptor proteins in primary
astrocytes cotransfected with an siRNA pool specific for the P2Y4 receptors. (B to D) RT-PCR assay results, showing the knockdown efficiency in primary astrocytes
transfected with three individual siRNAs contained in the P2Y4 siRNA pool (B), siRNA specific for P2Y2 (C), or siRNA specific for P2Y6 (D). Numbers associated with
each blot are averaged data (n � 4). (E) Examples of images showing the ATP�S-induced (100 �M) pinocytosis after labeling with TD3S (red; 2 �g/�l for 5 min) in
control microglia (no siRNA) or microglia transfected with various siRNAs (green; the siRNA species are indicated in each panel) for 72 h. The dotted lines outline
individual cells. Bars, 10 �m. (F) Quantitative data for the results shown in panel E. Values are the percentage of control (without siRNA transfection). (G) Examples of
phase-contrast images, showing migration of cultured microglia toward the pipette tip at the center of the image field before (0 min) and 20 min after exposure to an
ATP�S gradient created by pulsatile application (1 mM in the pipette) in the presence or absence of the P2Y12 receptor antagonist MRS2395 (200 �M). Right panels,
higher-magnification images of the red area in the middle panels, showing the ATP�S-induced pinosomes, which appeared as phase-bright vacuoles (indicated red
arrows). (H) Quantitative data from the results shown in panel G, showing that MRS2395 largely blocked the microglial migration (lower panel) but failed to affect the
microglial pinocytosis (upper panel) induced by ATP�S. For all summary data, results are means and SEM from three independent experiments. ***, P 	 0.001; **, P 	
0.01; *, P 	 0.05; n.s., not significant (ANOVA with Tukey’s test).
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FIG 4 ATP-P2Y4 signaling contributes to microglial pinocytosis of soluble A�1-42. (A) ATP�S (100 �M) enhanced internalization of Texas Red-linked A�1-42
(15 �M, 5 min; red) in cultured microglia. (Upper panels) Examples of fluorescence images. Dotted lines outline individual cells. Bar, 10 �m. (Lower panel)
Summary data for ATP�S-induced A�1-42 internalization, presented as the fluorescence intensity of Texas Red-linked A�1-42. (B) Examples of images showing
that ATP�S-induced (100 �M, 5 min) internalization of Texas Red-linked A�1-42 (15 �M; red) and FD70S (2 �g/�l; green) were distributed in the same
pinosome (arrows). Bar, 10 �m. (C, upper panels) Fluorescence images showing that the microglial internalization of Texas Red-linked A�1-42 (red; 2 �M, 30
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5 min) promoted FD70S endocytosis (Fig. 4J and K), suggesting
that A� itself induces pinocytosis. In addition, A�1-40 but not the
control peptide A�42-1 also stimulated pinosome formation (Fig.
4J and K). The A�-induced pinocytosis of FD70S was significantly
inhibited by the P2Y receptor antagonist RB-2 and the ATP-de-
grading enzyme apyrase (Fig. 4J and K). The evidence that apyrase
blocked A� peptide-induced pinocytosis indicates that A�-in-
duced pinocytosis requires extracellular ATP, and A� itself is not
a direct agonist for P2Y receptors. Our results suggest that pinocy-
tosis of A� in microglia is an ATP-regulated active process, rather
than a spontaneous passive activity.

Microglial cells are known to exist in two forms, resting and
reactive (1). In healthy brains, microglial cells are predominately

ramified resting cells with a small cell body and multiple processes
that detect the environment (30). In response to various patho-
logical insults, microglial cells can transform into amoeboid reac-
tive forms with a larger cell body and fewer processes (1, 31).
Accumulation of amoeboid-like reactive microglial cells at the
beta amyloid aggregations is a hallmark of the AD brain (32, 33).
We found that although immunostaining detected a low expres-
sion level of P2Y4 receptors in the resting microglia in the control
mouse brain, strong anti-P2Y4 immunostain signaling was de-
tected in the accumulated reactive microglia in the brain of
APPswe/PS1dE9 mouse mutant, the mouse model of AD (Fig. 5A,
B, and D; see also Videos S4 and S5 in the supplemental material).
Interestingly, strong P2Y4 immunostaining was observed only in

min) was inhibited by apyrase (50 U/ml). (Lower panel) Quantitative summary of results presented in the upper panels. (D) Examples of images showing the
internalization of Texas Red-linked A�1-42 (red; 2 �M, 30 min) in control microglia or in microglia transfected with control siRNA or P2Y4 siRNA (green). Note
that in the bottom panels, A�1-42 was internalized by an untransfected cell (cell 1) but not its neighbor (cell 2), which was transfected with P2Y4 pooled siRNA
(green). Bar, 10 �m. (E) Quantitative data for the results shown in panel D. Values are the percentage of the control (without siRNA transfection). (F) The P2Y
antagonist RB2 (20 �M) inhibited the uptake of FAM-linked A�1-42 (2 �M) in cultured microglia. (G and H) Microglial internalization of Texas Red-linked
A�1-42 (red; 2 �M, 30 min) was not affected by the P2Y6 antagonist MRS2578 (2 �M). (H) Quantitative summary of the results shown in panel G. (I)
Determination of ATP release from microglia treated with A�1-42 (2 �M), A�1-40 (2 �M), or A�42-1 (2 �M). Values of ATP (in moles) were normalized to the
protein abundance of cell lysates (in grams). (J) Examples of microscopic images of A�1-42-induced (100 �M; upper middle panel) pinosomes labeled with
FD70S (2 �g/�l; green) in cultured microglia. Results with cells treated with FD70S only (upper left panel) were taken as the basal response. Both the P2Y receptor
antagonist RB-2 (20 �M; lower left panel) and the ATP-degrading enzyme apyrase (50 U/ml; lower middle panel) blocked the A�1-42-induced FD70S
internalization. A�1-40 (100 �M; upper right panel), but not A� 42-1 (100 �M; lower right panel), also induced pinocytosis in microglia. (K) Quantitative
summary of the results shown in panel J. ***, P 	 0.001, compared with data from basal; ##, P 	 0.01, compared with data from A�1-42-treated microglia. For
all summary data, results are means and SEM from three independent experiments. ***, P 	 0.001; n.s., not significant (ANOVA with Tukey’s test).

FIG 5 Increased expression of P2Y4 receptors in AD mice. (A) Cerebral cortical sections prepared from 6-month-old wild-type mice (WT; upper panels) and
APPswe/PS1dE9 mice (AD; lower panels) immunostained with anti-P2Y4 (green) and anti-Iba1 (red) antibodies. Bars, 20 �m. (B) Higher-magnification images
from the boxed areas of the merged images in panel A. x-y (top), x-z (bottom), and y-z (right) projections of immunostained sections from WT (upper panels)
and APPswe/PS1dE9 (AD, lower panels) mice, in which the colocalization of the anti-P2Y4 signal with the microglial marker Iba1 was further confirmed. Bar, 10
�m. (C, left) Lower-magnification image of the same brain slice as shown in panel A bottom images, to show a more extensive area. Bars, 40 �m. (Right)
Higher-magnification images from the boxed areas of the merged images on the left. Dotted lines separate layer 1 (upper) and layers 2/3 (lower). Cell 1, cell 2, and
cell 3 (also the example cells in panels A and B), corresponding to boxed areas 1, 2, and 3, respectively. Bars, 20 �m. (D) Quantitative summary of the
colocalization of anti-P2Y4 with anti-Iba1 signals (P2Y4/Iba1), as shown in the images in panels A and C. Average P2Y4 immunoreactivity per microglial cell was
measured to evaluate the expression level of P2Y4 (Iba1-positive cells) in WT and AD mouse brain sections. MG, microglia. Results are presented as means and
SEM. **, P 	 0.01; n.s. not significant (ANOVA with Tukey’s test).
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the aggregated reactive microglia, and not in the diffusely distrib-
uted resting microglia in the mutant mouse (Fig. 5C). These re-
sults may reflect a chronic homeostatic change in the microglial
A� uptake capacity to adapt to the prolonged increase in extracel-
lular A� peptide. A similar increase in P2Y6 receptor expression in
reactive microglia has been reported in injured brains (7).

The PI3K/Akt pathway is involved in microglial pinocytosis.
PI3K has been reported to be crucial in the completion of pinocy-
tosis induced by macrophage colony-stimulating factor (17). We
found that PI3K inhibitors, either wortmannin (500 nM) or
LY294002 (50 �M), drastically reduced ATP�S-induced pinocy-
tosis (Fig. 6A). In addition, both inhibitors blocked the A�-in-
duced pinocytosis (Fig. 6B) as well as the spontaneous soluble A�
internalization (Fig. 6C), indicating the requirement for PI3K in
both processes. As a major downstream target of PI3K, phosphor-
ylated Akt represents the activation level of the PI3K/Akt signaling
pathway (34). We found that application of 100 �M ATP�S rap-
idly promoted Akt phosphorylation (Fig. 6D). In addition, an an-
tiphosphorylated Akt signal, but not the anti-total Akt immuno-
staining signal, was observed to accumulate on membrane ruffles
and newly formed pinosomes (Fig. 6E, lower panel), although in
the resting state, both the total and phosphorylated Akt signals
were diffusely distributed throughout the whole cell (Fig. 6E, up-
per panel). In accordance with the A�-induced pinocytosis (Fig.
4J and K), application of soluble A�1-42, at a concentration of
either 2 �M, 20 �M, or 100 �M, promoted Akt phosphorylation
(Fig. 6F) with a similar time course as with ATP�S (Fig. 6D).
A�1-40, but not the control peptide A�42-1, also promoted Akt
phosphorylation (Fig. 6G). Moreover, treatment of apyrase, RB-2,
or LY294002 suppressed the A�-induced Akt phosphorylation
(Fig. 6H and I). Taken together, these results indicate that activa-
tion of the PI3K/Akt cascade is involved in the P2Y receptor-
mediated pinocytosis and contributes to the A�-induced self-up-
take by microglia.

DISCUSSION
ATP functions as a “drink me” signal through activation of P2Y4

receptors. Nucleotides are crucial signaling messengers in both
neurons and glia in the CNS (13, 19, 35). Purinergic receptors are
classified into P1 receptors, which are activated by nucleosides,
and P2 receptors, which are activated by nucleotides (19). P2 re-
ceptors are further divided into P2X (ligand-gated ion channel
receptors) and P2Y (G-protein-coupled receptors), both of which
include multiple subtypes (19). Through the activation of multi-
ple subtypes of purinergic receptors on microglia, purines induce
complicated microglial responses, including chemotaxis, phago-
cytosis, and cytokine release, actions that play critical roles in
pathological activities, such as neuronal injury, inflammation,
and neuropathic pain. For example, activation of P2X4 and P2X7

receptors has been linked to microglial cytokine release to induce
neuropathic pain after peripheral nerve injury (19). In addition,
ATP has been proposed as a “find me” signal for inducing micro-
glial migration through the activation of P2Y12 receptors (8–10),
whereas UDP acts as an “eat me” signal for triggering microglia
phagocytosis through the activation of P2Y6 receptors (7). Cohn
and Parks reported that purines are efficient triggers for pinocy-
tosis in macrophages (36), but the underlying mechanisms are not
clear.

The P2Y4 receptor is expressed in both neurons and glial cells,
whereas its physiological function is largely unknown (37). In the

present study, we demonstrated in microglia that ATP robustly
induced pinocytosis (Fig. 1), with only a mild effect on phagocy-
tosis (Fig. 1B and C). Our results demonstrated ATP as a “drink
me” signal for microglial pinocytosis through the activation of
P2Y4 receptors (Fig. 7).

Signal transduction mechanisms in P2Y4 receptor-mediated
pinocytosis. Activation of PI3K at the plasma membrane has been
found to be related to the growth factor-induced cytoskeletal re-
modeling and membrane ruffling that leads to increased pinocy-
tosis (17, 38). Our findings revealed the requirement of activated
PI3K/Akt signaling in P2Y4 receptor-mediated pinocytosis (Fig.
6A, D, and E) as well as in P2Y4 receptor-mediated microglial
clearance of A�1-42 (Fig. 6B, C, and F). P2Y4 receptors may acti-
vate PI3K/Akt signaling directly, as has been revealed for some
Gq-coupled receptors (39, 40), a group to which the P2Y4 receptor
also belongs (41). The cross talk between G protein-coupled re-
ceptors (GPCRs) and growth factor receptors at their downstream
signaling transduction pathways, including the PI3K/Akt cascade,
has been well illustrated (40, 42, 43). GPCRs vary between each
other. Drugs that target GPCRs are directed toward only a few
GPCR members and thus may have fewer side effects and better
therapeutic benefits than those targeting growth factor receptors.
Therefore, the replacement of growth factor receptors by GPCRs
as drug targets may provide promising opportunities for drug
discovery (42).

The finding that the diffusely distributed P2Y4 receptors in
microglia became associated with pinosomes after treatment with
100 �M ATP�S (Fig. 2E and F) indicated that, like the internal-
ization of epidermal growth factor (EGF) receptors via pinocytic
ruffles when exposed to a high concentration of EGF (5), P2Y4

receptors on the microglial plasma membrane may also be inter-
nalized through pinocytic activity, leading to rapid feedback con-
trol of the cellular sensitivity to extracellular purines.

A� peptide-induced self-uptake through microglial pinocy-
tosis mediated by autocrine ATP signaling. A� is normally gen-
erated at high levels in the brain and must be cleared at an equiv-
alent rate (44). Accumulating evidence indicates that microglia
play a critical role in the clearance of both soluble and fibrillar
forms of A� through multiple mechanisms (45). The fibrillar
forms can be taken up by phagocytosis through interaction with a
cell surface’s innate immune receptor complex (45). Recent stud-
ies have identified important roles of microglial pinocytosis in the
internalization of soluble A� peptides (26). However, the mecha-
nism underlying the microglial clearance of soluble A� is largely
unknown. Pinocytosis, the most effective way for cells to ingest
large amounts of extracellular fluid, is involved in a number of
physiological and pathological processes, including the sampling
of soluble antigens (46) and the uptake of nutrients (47). Consis-
tent with the previous study (26), we found that microglia took up
soluble A� by pinocytosis (Fig. 4B). We further identified that in
microglia ATP was sufficient to promote A� uptake (Fig. 4A and
B) and that activation of P2Y4 receptors was necessary for A�
uptake (Fig. 4C, D, E, and F). Notably, in accordance with the
previous report that microglia is much more efficient in A� up-
take than astrocytes and neurons (26), ATP�S only significantly
induced pinocytosis in cultured microglia, and not in cultured
astrocytes or neurons (Fig. 1G).

Interestingly, we found that A� peptide itself triggered pinocy-
tosis in an ATP/P2Y-dependent manner (Fig. 4J and K). These
results suggest that pinocytosis of A� by microglia is an active and
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FIG 6 The PI3K/Akt pathway contributes to the microglial pinocytosis induced by ATP�S and the microglial internalization of soluble A�1-42. (A) Summary data of
ATP�S-induced pinocytosis in the absence or presence of PI3 kinase inhibitors. Cultured microglia were preincubated with wortmannin (500 nM) or LY294002 (50�M)
for 30 min and then treated with 100 �M ATP�S and 2 �g/�l FD70S for 5 min. (B) Summary data of the A�1-42 (100 �M)-induced pinocytosis in the absence or
presence of PI3 kinase inhibitors. Cultured microglia were preincubated with wortmannin (500 nM) or LY294002 (50 �M) for 30 min and then treated with 100 �M
A�1-42 and 2 �g/�l FD70S for 5 min. (C) Summary data for spontaneous microglial uptake of soluble A�1-42 in the absence or presence of PI3 kinase inhibitors.
Cultured microglia were preincubated with wortmannin (500 nM) or LY294002 (50 �M) for 30 min and then treated with 2 �M Texas Red-linked A�1-42 for 30 min.
(D) Time-dependent effects of ATP�S (100�M) on Ser-473 phosphorylation of Akt (p-Akt), as determined with Western blotting. Results were standardized to total Akt
(p-Akt) and are expressed as p-Akt/Akt relative to the baseline. (E) Distribution of p-Akt (green) and Akt (red), shown by immunostaining results for cultured microglia
with or without 100 �M ATP�S treatment for 5 min. Note that p-Akt accumulated at the newly formed membrane ruffles (arrowheads) and pinosomes (arrows) after
treatment with ATP�S. Bars, 10 �m. (F) Time- and dose-dependent effects of A�1-42 (2 �M, 20 �M, or 100 �M) on Ser-473 phosphorylation of Akt (p-Akt). Western
blotting results are shown at the top. (G) Effects of A�1-40 (20 �M) or A�42-1 (20 �M) on Ser-473 phosphorylation of Akt (p-Akt). Western blotting results are shown
at the top. **, P 	 0.01, compared with data from basal; ##, P 	 0.01, compared with data from A�1-42-treated microglia. (H and I) Suppression of A�1-42-induced (20
�M) Akt phosphorylation (p-Akt) by apyrase (50 U/ml), RB-2 (25 �M), and LY294002 (50 �M). (I) Summary of Western blotting results shown in panel H. For all
summary data, results are means and SEM from three independent experiments. ***, P 	 0.00; **, P 	 0.01; *, P 	 0.05 (ANOVA with Tukey’s test).
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regulated activity rather than a spontaneous and constitutive pro-
cess. Our results suggest that ATP endogenously released from
A�-stimulated microglia works as an autocrine signal to evoke
pinocytosis, leading to their clearance of A� peptides in the brain
(Fig. 7). Still, the in vivo physiological significance of our findings
remains to be established.

It should be noted that the A�-induced ATP release may not be
limited to microglia. A recent study reported that astrocyte-se-
creted ATP in response to amyloid beta protected against the A�1-
42-induced impairment of synaptic plasticity by restoring the
A�1-42-mediated reduction of synaptic proteins, including
NR2A and PSD-95 (48). How A�1-42 induces ATP release from
glial cells is largely unknown. Lysosomal exocytosis of ATP has
been reported for several types of glial cells or monocytes induced
under various conditions (11, 35, 49–51). Whether the A�1-42-
induced ATP release in glial cells is also through lysosomal exocy-
tosis needs further clarification.

The distribution pattern of A� is different between ATP�S-
induced A� uptake and spontaneous A� internalization. The
spontaneous A� uptake is likely through pinosomes of small sizes,
in accordance with the evidence that A� at 2 �M caused a rela-
tively weaker promotion of Akt phosphorylation (Fig. 6E) than
ATP�S did (Fig. 6C) and that the pinosomal area is dose depen-
dent on the ATP�S concentration (Fig. 1D and E).

In contrast to the previous view, recent studies have shown that
resting microglia dynamically extend and retract their processes to
actively survey the surrounding environment (52, 53). Interest-
ingly, the processes of resting microglia make frequent contact
with synapses in a neuronal activity-dependent manner, suggest-
ing that they constantly monitor the functional status of synapses
(54–56). Since soluble A� is released from presynaptic terminals
(57) and is toxic to synapses when it accumulates extracellularly
(24, 58), the A�-triggered self-uptake through microglial pinocy-
tosis evoked by an autocrine ATP signal induced by A� itself may
play a role in preventing A�-induced synaptic dysfunction and
synapse loss. Since there is currently no methodology to accurately
detect the local concentration of amyloid beta in the brain, it is
unclear whether the concentration of amyloid beta at the site of
synapse is sufficient to induce microglial activities. More in-depth
studies are needed to identify the in vivo function of purine-me-
diated microglia-neuron cross talk.
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